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============

There has been a continual improvement in the precision and in the variety of the data for deep-inelastic and related hard-scattering processes. Noteworthy additions in the years since the MSTW2008 analysis \[[@CR1]\] have been the HERA combined H1 and ZEUS data on the total \[[@CR2]\] and charm structure functions \[[@CR3]\], and the variety of new data sets obtained at the LHC, as well as updated Tevatron data (for full references see \[[@CR4]\]). Moreover, the procedures used in the global PDF analyses of these data have been refined, allowing the partonic structure of the proton to be determined with ever-increasing accuracy and reliability. These improvements are important as it is necessary to quantify the Standard Model background as accurately as possible in order to isolate possible experimental signals of New Physics. One area that needs careful attention, at the present level of accuracy, is the treatment of the strong coupling, $\documentclass[12pt]{minimal}
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We refer to Fig. [1](#Fig1){ref-type="fig"} for an overview of the treatment and of the values of $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \alpha _{S,\mathrm{NNLO}}(M_Z^2)= & {} 0.1172, \end{aligned}$$\end{document}$$as indicated by the dark arrows in Fig. [1](#Fig1){ref-type="fig"}. The corresponding total $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S(M_Z^2)$$\end{document}$ found in NLO and NNLO fits of the MMHT2014 analysis \[[@CR4]\]. The *dashed arrows* indicate the values found in the MSTW2008 analysis \[[@CR1]\]. We also show the world average value, which we note was obtained assuming, for simplicity, that the NLO and NNLO values are the same -- which, in principle, is not the case. The *short arrows* are also of interest as they indicate the NLO and NNLO values which would have been obtained from the MMHT2014 global analyses if the world average value (obtained without including DIS data) were to be included in the fit. However, the default values $\documentclass[12pt]{minimal}
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It is sometimes debated whether one should attempt to extract the value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S(M_Z^2)$$\end{document}$ from the PDF global fits or to simply use a fixed value taken from elsewhere -- for example, to use the world average value \[[@CR5]\]. However, we believe that very useful information on the coupling can be obtained from PDF fits, and hence have performed fits where this is left as a free parameter. As the extracted values of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S(M_Z^2)=0.1185\pm 0.0006$$\end{document}$ \[[@CR5]\], we regard these as our best fits. We note it is a common result in PDF analyses, and in other extractions of the strong coupling, for the best-fit value to fall slightly as the order of the theoretical calculations increases. However, in order to explore further, as well as leaving $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \alpha _{S,\mathrm{NLO}}(M^2_Z)=0.1195 \quad \mathrm{and} \quad \alpha _{S,\mathrm{NNLO}}(M^2_Z)=0.1178,\nonumber \\ \end{aligned}$$\end{document}$$as indicated by the short arrows in Fig. [1](#Fig1){ref-type="fig"}. Each of these is about one standard deviation away from the world average, so our PDF fit is entirely consistent with the independent determinations of the coupling. Moreover, the quality of the fit to the data (other than the single 'data' point on $\documentclass[12pt]{minimal}
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However, ultimately for the use of PDF sets by external users it is preferable to present the sets at common (and hence 'rounded') values of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S(M_Z^2)=0.120$$\end{document}$ as the default value for which the PDF sets with full error eigenvectors are made available. This is essentially identical to the value for the best PDF fit when the coupling is free, and still very similar when the world average was included as a constraint. At NNLO, $\documentclass[12pt]{minimal}
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Before we continue we should specify how the running of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S(Q^2)$$\end{document}$ is treated. There is more than one definition of the coupling commonly used in QCD phenomenology. Although the various prescriptions are all formally equivalent since they differ only at higher orders, numerical differences of the order of up to 1 $\documentclass[12pt]{minimal}
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Description of data sets as a function of $\documentclass[12pt]{minimal}
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The NNLO MMHT2014 global analysis \[[@CR4]\] was based on a fit to 40 different sets of data on deep-inelastic and related hard scattering processes. There were 10 different data sets of structure functions from the fixed-target charged lepton--nucleon experiments of the SLAC, BCDMS, NMC and E665 collaborations, six different neutrino data sets on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$F_2,~xF_3$$\end{document}$ and dimuon production from the NuTeV, CHORUS and CCFR collaborations, two Drell--Yan data sets from E886/NuSea, six different data sets from HERA involving the combined H1 and ZEUS structure function data, seven data sets from the Tevatron giving the measurements of inclusive jet, *W* and *Z* production by the CDF and D0 collaborations and, finally, nine data sets from the ATLAS, CMS and LHCb collaborations at the LHC. In addition, the NLO fit also used jet data from the ATLAS, CMS and H1 and ZEUS collaborations, which were not used at NNLO because it was judged that at present there is not sufficient knowledge of the full jet NNLO cross section; jet production at the Tevatron, on the other hand, is much closer to threshold than at the LHC, so the threshold approximation to the full NNLO calculation is much more likely to provide a reliable estimate in this case. The goodness-of-fit quantity, $\documentclass[12pt]{minimal}
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In the NNLO global fit of \[[@CR4]\], let us denote the contribution to the total $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi _n^2$$\end{document}$ profiles obtained when varying $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S(M_Z^2)$$\end{document}$ coming from the Drell--Yan fixed-target experiments and from the combined H1 and ZEUS measurements at HERA. The results from the NNLO global fits are shown by *bullet* points (and a *continuous curve*), while those from the NLO global fits are shown by *triangles* (and a *dashed curve*)Fig. 6$\documentclass[12pt]{minimal}
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The NNLO corrections to the structure functions are positive and speed up the evolution, leading to smaller optimum values of $\documentclass[12pt]{minimal}
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The recent combined H1 and ZEUS structure function data from HERA prefer a value of $\documentclass[12pt]{minimal}
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The Tevatron data, as well as the ATLAS $\documentclass[12pt]{minimal}
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Judging from the values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(\chi ^2_n-\chi ^2_{n,0})$$\end{document}$ away from the different minima of the various data sets or, rather, the steepness of the quadratic forms in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S(M_Z^2)$$\end{document}$, we see that there is a tendency for data at lower energies or lower $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q^2$$\end{document}$ to lead to more constraint on the optimum global value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S(M_Z^2)$$\end{document}$. This is to be anticipated, as we will see in Sect. [6](#Sec8){ref-type="sec"}.

$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\overline{t}$$\end{document}$ data: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_t$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S$$\end{document}$ correlation {#Sec4}
=====================================================================================================

There is a particularly strong, but also complicated, relationship between the value of $\documentclass[12pt]{minimal}
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First, recall that in the MMHT2014 analysis \[[@CR4]\] we determined the uncertainties of the PDFs using the Hessian approach with a dynamical tolerance procedure. We obtained PDF 'error' eigenvector sets, each corresponding to 68 $\documentclass[12pt]{minimal}
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There are a number of other data sets which give almost as strong constraints. For instance, at NLO in the downwards direction we find that SLAC deuterium data give $\documentclass[12pt]{minimal}
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When considering the uncertainty on the prediction for a physical quantity we should include the uncertainty on $\documentclass[12pt]{minimal}
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Comparison of PDF sets {#Sec8}
======================

It is informative to see the changes in the PDFs obtained in global fits for fixed values of $\documentclass[12pt]{minimal}
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In Fig. [16](#Fig16){ref-type="fig"} we compare the changes in the gluon PDF for different fixed values of $\documentclass[12pt]{minimal}
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Benchmark cross sections {#Sec9}
========================

In this section we show uncertainties for cross sections at the Tevatron, and for 7 and $\documentclass[12pt]{minimal}
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To calculate the cross section we use the same procedure as was used in \[[@CR4]\]. That is, for *W*, *Z* and Higgs production we use the code provided by Stirling, based on the calculation in \[[@CR19]--[@CR21]\], and for top pair production we use the procedure and code of \[[@CR22]\]. Here our primary aim is not to present definitive predictions or to compare in detail to other PDF sets, as both these results are frequently provided in the literature with very specific choices of codes, scales and parameters which may differ from those used here. Rather, our main objective is to illustrate the procedure for estimating realistic PDF$\documentclass[12pt]{minimal}
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*W* and *Z* production {#Sec10}
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Top-quark pair production {#Sec11}
-------------------------

In Table [2](#Tab2){ref-type="table"} we show the analogous results for the top-quark pair production cross section. At the Tevatron the PDFs are probed in the region $\documentclass[12pt]{minimal}
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At the LHC the dominant production at higher energies (and with a proton--proton rather than proton--antiproton collider) is gluon--gluon fusion, with the central *x* value probed being $\documentclass[12pt]{minimal}
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Higgs boson production {#Sec12}
----------------------

In Table [3](#Tab3){ref-type="table"} we show the uncertainties in the rate of Higgs boson production from gluon--gluon fusion. Again, the cross section starts at order $\documentclass[12pt]{minimal}
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We also repeat the study at NLO for the Higgs cross section. The results are shown in Tables [4](#Tab4){ref-type="table"} and [5](#Tab5){ref-type="table"} for the central values of $\documentclass[12pt]{minimal}
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In addition, we note that for any particular process the details of the uncertainty can now be explicitly calculated in a straightforward way using the PDFs we have provided in this paper, together with the procedure for combining PDF and $\documentclass[12pt]{minimal}
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Moreover, it is also straightforward to apply the procedure to determine the uncertainties coming from combinations of PDF sets obtained by global analyses of different groups. Using techniques given in \[[@CR28]--[@CR31]\] it is possible to combine different PDF sets at a preferred value of $\documentclass[12pt]{minimal}
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Taking a weighted average of the values in Eqs. ([4](#Equ4){ref-type=""}) and ([5](#Equ5){ref-type=""}) would result in values slightly nearer to the world average, reflecting the fact that the dynamical tolerance procedure used to determine the uncertainty results in a $\documentclass[12pt]{minimal}
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